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ABSTRACT

The tensile properties and fracture toughness of age-
hardened Alloy 718, annealed 304L and 316L stainless
steel, and Al6061 in the T4 and T6 conditions have been
investigated after irradiation at the LANSCE (Los Alamos
Neutron Science Center) accelerator (800 MeV, 1mA) to
a maximum dose of 12 dpa at temperatures from 30-
200°C. Initial results show a degradation in toughness
and a concomitant decrease in the uniform elongation
with increasing proton and neutron fluence. The data are
compared to the large database on radiation effects on the
mechanical properties of structural materials exposed to
fission reactor environments and show that many trends
are similar. Additional data show that irradiation-induced
reductions in uniform elongation are significant over
dose/temperature ranges not anticipated from the fission
reactor data. Hydrogen production through transmutation
reactions and a susceptibility to hydrogen embrittlement
may play key roles in the present low-temperature, low-
dose degradation of mechanical properties.

1. INTRODUCTION

The Accelerator Production of Tritium (APT) Project is
part of the US-DOE strategy to meet the nation’s tritium
(*H) needs in the 21% century. Design, construction and
operation of this one-of-a-kind facility will involve the
utilization of a wide variety of materials that are exposed
to unique conditions, including high-energy mixed proton
and neutron spectra. The target/blanket portion of the
APT system will contain components and structures with
design lifetimes ranging from approximately one to over
forty years. Component replacement schedules must be
established to assure that operative material degradation
processes do not compromise the safety and/or
functionality of the system. Because of the unique
exposure conditions associated with significant portions
of the APT, the amount of experimental data that directly
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supports design lifetime determinations and replacement
schedules is minimal. To correct this situation, a
comprehensive materials test program has been
established by the APT Project. This program includes
the irradiation of structural materials by exposure to high
energy protons and neutrons with the LANSCE
accelerator. The proton flux produced in LANSCE is
nearly prototypic of anticipated conditions for significant
portions of the APT target/blanket system. Elements of
the irradiation program include the determination and/or
evaluation of:

. the effects of prototypical particle irradiation on the
mechanical properties of Alloy 718, Types 304L
and 316L stainless steels, 6061 aluminum and other
candidate structural alloys,

e  the corrosion behavior of the candidate structural
materials under anticipated APT exposure
conditions,

e tritium containment in the target/blanket system,

. microstructural evolution in materials exposed to
anticipated APT proton and neutron spectra and
fluxes, and

. material damage processes and mechanisms that
will be operative in the APT system in view of the
large production of H and He.

The materials program includes testing of base metals and
cross-weld samples. The initial results from the program
to establish the effects of a high-energy proton/neutron
particle flux on the mechanical properties of base metal
samples from Alloy 718, Types 304L and 316L stainless
steels and 6061 aluminum are described below.

2. BACKGROUND
The APT Project will produce trititum through the

*He(n,p)*H reaction. The *He used for *H production will
be contained, at approximately 130-260 psi, in 6061-T6



aluminum pressure tubes that will be connected to a
*H/’He separation facility through a Type 316L stainless
steel manifold. Neutrons for the *He(n,p)’H reaction will
be produced by proton induced spallation of a tungsten
target. Lead blanket assemblies will moderate and
multiply the neutrons produced by spallation. The high
energy proton beam that induces spallation in the tungsten
target will move from the accelerator portion of the APT
system into the target/blanket system by passing through
an Alloy 718 window. Design concepts for the
target/blanket system are summarized in Reference 1 and
include cladding of the tungsten target elements and
containment of the target cooling water with Alloy 718
and cladding the lead blanket components with 6061-T6
aluminum. The containment vessel will be fabricated
from Type 304L stainless steel, and Type 316L stainless
steel will be used to fabricate much of the primary cooling
water system. The materials irradiation program
developed to support the emerging target/blanket design
is outlined in Reference 2, and, for convenience, is
summarized in the next few paragraphs.

The proton beam used at LANSCE had a Gaussian-like
intensity profile with a diameter of approximately
26 =3.0cm, where o is the standard deviation. The beam
profile has two basic effects on the irradiation and
specimen design:

e the specimen had to be small to assure reasonable
uniformity in dose within a single sample, and

e placement of several specimens within a sample
capsule provided the opportunity to determine the
effects of dose on a given material.

The specimen also had to be relatively thin, 0.25 to 2.0
mm, to assure sufficient heat transfer to the coolant from
the energy deposited by the 800 MeV proton beam. A
schematic of sample placement in an irradiation sandwich
or capsule is shown in Figure 1(top) and photographs of
actual capsules are shown in Figure I(bottom). The
materials matrix is summarized in Table 1. The materials
irradiation/test/analysis program was designed to provide
information establishing the technical and scientific basis
to:

1. determine the applicability of data trends established
through fission reactor irradiation to predict
irradiation effects on the mechanical properties of
materials in spallation neutron sources,

2. establish anticipated materials’ failure modes in
spallation neutron sources and set maintenance
schedules and system design lifetimes to avoid such
failure modes,

3. understand the materials damage/degradation
processes under anticipated irradiation/exposure
conditions,

Figure 1. Capsules for Irradiation of Mechanical Test
Samples. On top is the schematic of the test capsule and
on bottom is a photograph of a test capsule

4. model irradiation effects in spallation neutron
sources, and

5. extrapolate materials behavior into new damage
arenas and/or select alternate materials for APT
service.

In addition, prototypes of the tungsten neutron source and
the lead/aluminum blanket have been irradiated with 800
MeV protons and spallation neutrons at power levels
prototypic of the power levels anticipated in the APT
target.

This paper summarizes the initial test results from
samples of Alloy 718, 6061 aluminum and Types 304L
and 316L stainless steel irradiated in the LANSCE to
approximately 0.5 to 12 dpa. The measured tensile and
fracture toughness data are compared to fission reactor
data to show that, under the test conditions evaluated,
fission reactor data provide useful indicators of
anticipated materials behavior in spallation neutron
sources except at higher doses where H and He effects are
anticipated.



Table 1. Material Test Matrix

Material Tensile Tests Fracture Toughness | TEM/Shear Punch | 3 pt. Bend tests
Tests Tests

Alloy 718 | X X X X

(precipitation

hardened)

304L (annealed) X X X X

316L (annealed) X X X X

Al6061-T6 X X X

Al6061-T4 X X X

Mod 9Cr-1Mo X X X X

Al5052-O0 X X X X

Tungsten (wrought) X

Lead X

Table 2. Chemical Composition of Materials Tested

Material | Al [} Cr Cu Fe Mn [ Mo |Ni P S Si Ti Others

Alloy 0.47 | 0.04 17.71 | 0.15 | BAL | 0.12 | 3.00 | 54.79 | 0.013 | 0.001 | 0.13 | 0.98 | Nb and Ta-

718 4.98; Co-

2-4 mm 0.19; B-
0.002

Alloy 0.48 | 0.04 18.13 | 0.08 | BAL | 0.13 | 3.06 | 53.58 | 0.008 | 0.001 | 0.11 | 1.03 | Nb and Ta-

718 0.25 4.98

mm

Alloy 0.54 | 0.05 18.13 | 0.05 | BAL | 0.21 | 3.01 | 52.7 0.005 | 0.002 [ 0.13 | 1.06 | Nb and Ta-

718 0.75 5.07; Co-

mm 0.4; B-0.004

316L 2-4 0.010 | 17.33 | 0.18 | BAL | 1.61 | 2.09 | 10.62 | 0.024 | 0.019 | 0.43 Co0-0.21; N-

mm 0.060

316L 0.019 | 17.26 | 0.26 | BAL | 1.75 | 2.57 | 12.16 | 0.022 | 0.006 | 0.65

0.25 mm

316L 0.022 | 16.05 BAL | 1.82 | 2.08 | 10.11 | 0.022 | .0002 | 0.48

0.75 mm

304L 2-4 0.013 | 18.15 | 0.23 | BAL | 1.80 | 0.18 | 8.35 0.025 | 0.010 | 0.43 Co-0.17, N-

mm 0.085

304L 0.020 | 18.23 | 0.38 | BAL | 1.77 | 0.33 | 9.68 0.026 | 0.002 | 0.54

0.25 mm

304L 0.060 | 18.19 | 0.4 BAL [ 1.86 | 0.34 | 8.14 0.030 | .0003 | 0.48

0.75 mm

Al6061 Bal. 0.04/ | 0.15/ | 0.70 | 0.15 0.40/ Mg-(0.8-

0.25 mm 0.35 0.4 Max | Max 0.80 1.2); Zn-
0.25

Al6061 Bal 0.04/ | 0.15/ | 0.70 | 0.15 0.40/ | 0.15

0.75 mm 0.35 0.4 Max | Max 0.80 | Max

3. MATERIALS SPECIFICATIONS AND HEAT
TREATMENT

Certified mill test reports were obtained for each alloy;
the chemical composition, from these test reports, for
each material is summarized in Table 2. Three heats of
each alloy were tested; one heat for specimens 0.25 mm
thick, one heat for specimens between 0.75 and 1.0 mm
thick, and another heat for specimens between 2.0 and 4.0
mm thick.

Alloy 718 specimens were machined from the as-received
material (annealed condition), wrapped in Nb foil and
encapsulated in a quartz tube (evacuated and back-filled
with Ar). The encapsulated specimens were heat treated
through the following steps:

° Anneal at 1065°C for 30 minutes and air cool,
e  Ageat 760°C for 10 hours,




. Furnace cool from 760°C to 650°C and hold for a
total time of 20 hours,
. Air cool to room temperature.

The 316L and 304L stainless steel samples were
machined (EDM) from as-received (annealed) material
and irradiated in the as-machined and cleaned condition
and tested after irradiation.

The 6061 Al samples were ordered as 6061-T6 and were
irradiated in the as-received condition and then tested
after irradiation. Hardness and transmission electron
microscopy measurements on the control samples
demonstrated that some of the materials had not been heat
treated to the T6 condition but were actually in the T4
condition. Therefore, the 6061 Al irradiation included
samples in the T6 and the T4 conditions.
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Figure 2. Arrangements of Specimen Sandwiches with-in
Sample Tubes

4. IRRADIATION PROCEDURES AND
TEMPERATURE AND DOSE CALCULATIONS

Specimens were irradiated in specially designed
sandwiches to control the specimen irradiation
temperature and isolate the specimens from the water
coolant. Each sandwich included a holder to position and
space the specimens within the tube and two 0.25 mm
thick cover plates which were TIG welded to each side of
the holder. The holder and the cover plates were
fabricated from Type 304L stainless steel. Two different
sandwich arrangements were irradiated as shown in
Figure 2.

Each arrangement held similar types of specimens but had
a slightly different thermocouple arrangement to measure
irradiation temperature. For example, sandwich 3 in
arrangement A contained three thermocouples with tips
spaced 2 cm apart and the center thermocouple was in the
center of the sandwich. Sandwich 7 in arrangement B held
tensile samples, bend samples and three thermocouples
brazed in metal pads. The other sandwiches, in both
arrangements, contain a variety of tensile, compact
tension samples, bend samples, transmission electron
microscopy disks and activation foils. The activation foils
were selected to provide the technical basis to estimate
dose and support the model calculations based on the LCS
(LAHET Code System) This system couples the Los
Alamos High Energy Transport (LAHET) code with
Monte Carlo for Neutrons and Photons (MCNP) code.

Irradiation temperatures were determined by considering:

. thermocouple measurements in one sandwich from
each tube,

. physics calculations (using the LAHET code) of the
power densities in each location, and

e  measurement of the cooling water temperatures and
flow rates through each tube.

This information was combined to determine a gap
resistance to heat transfer from the irradiated samples to
the cover plates and then to calculate specimen irradiation
temperatures based on the calculated power density,
cooling conditions and the gap resistance. A detailed
description of this analysis is found in Reference 3.
Irradiation temperatures were between 30 and 200°C,
depending on sample thickness, sample position in the
tube, and tube position relative to the proton beam.

Detailed modeling of the irradiation, carried out using the
LAHET code system, was based on the configuration of
the specific inserts exposed to the proton beam. A
schematic of the insert arrangement (inserts 17A, 18A,
18B, etc.) is shown in Figure 3. Insert 18A, for example,
contained models of the tungsten target assemblies and
produced the neutrons which irradiated the test samples



Figure 3. Schematic of Inserts and Associated Sample
Tubes

contained in the other inserts. The mixed proton/neutron
spectrum varied with position in the test matrix and was
relatively prototypic of anticipated APT conditions for
various portions of the target/blanket system. Modeling of
the sample tubes was done by placing the cooling water,
cover plates and sample material in separate regions in
each tube. Calculations of proton flux, neutron flux, dpa,
He/H production and energy deposition were performed
for sample tubes in 17A, 18A, and 18C.

The fluence determination for the irradiated samples was
performed through analysis of the activation foils that
were irradiated in each sample tube(4). The activation foil
packages were TEM-sized disks punched from >99.98%
pure sheet material of Al, Fe, Co, Ni, Cu, and Nb. The
disks were placed together in stacks and irradiated in the
sample tube. After irradiation, the stacks were withdrawn
and counted with gamma spectroscopy to quantify the
isotopes produced. This provided several reactions with
various cross sections and thresholds which were used to
estimate the proton and neutron group fluxes. The
production rates of the isotopes were calculated by taking
into account the proton beam history and the measured
activity. Proton and neutron flux estimates were
calculated using the LAHET Code System and a model of
the irradiation target. The input fluxes were then adjusted
to match the measured isotope production rates using the
STAYSL2 code. The revised fluxes for protons and
neutrons were then folded with He, H and dpa cross
sections for the materials of interest. This firmly
established the exposure parameters at the activation foil
locations. Assignment of exposure values to the samples
necessitated interpolation between the activation foils.
The was done by curve fitting, usually one or more
Gaussians, to the exposure parameters (proton fluence,
dpa, etc.) and using the mathematical equation for the
interpolation. The error associated with the fluxes and
damage levels was estimated to be around 25%, but in gas
production, where larger systematic errors were known to

exist in the cross sections, errors may be larger.
Measurements of the gas content of samples following
irradiation are being used to better determine H and He
production crossections (5)

5. TEST RESULTS
Type 304L and 316L Stainless Steel

The tensile samples, both the irradiated and non-irradiated
control samples, were tested at 20, 50, 80 and 164°C. The
test temperatures corresponded approximately to the
irradiation temperatures. The irradiation temperature
decreased, as did the particle fluence, with distance from
the proton beam. Therefore, those samples irradiated
closest to the center of the beam were heated to the
highest temperatures, experienced the highest dpa values
and were tested at the highest temperature. Separation of
the effects of the irradiation and test temperature from the
effects of irradiation per se was not attempted directly,
however, data are discussed in terms of the effects of dpa
and/or temperature on the various measured mechanical
properties.

The tensile test data for the Type 316L and Type 304L
specimens are summarized in Figures 4-7. In general, the
data trends are similar to the previously reported effects
of low temperature neutron irradiation on the tensile
properties of austenitic stainless steel (6). The irradiation
increased the strength and decreased the ductility of both
types of steel. The yield strength increases rapidly with
dpa and reaches a maximum of 850 MPa in Type 316L
samples irradiated to approximately 10 dpa and tested at
164°C. This maximum is consistent with the observation

Yield Strength vs. Dpa for Austenitic Stainless Steels
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that fission irradiation-induced hardening in a number of
austenitic stainless steels, irradiated and tested at 25 to
250°C, causes the yield strength to saturate at 900 MPa, or
less, by 3 to 7 dpa (7). Additionally the increases in yield
strength caused by irradiation in the spallation-induced
mixed proton/neutron spectra are consistent with the
effect of fission reactor neutron dose on yield strength,
Figure 4.

The irradiation-induced strength increases were
accompanied by a loss in work hardening ability and a
premature onset of plastic instability, Figure 5. The lack
of work hardening in the austenitic matrix causes a
significant reduction in the ability of the alloy to
experience uniform elongation, Figure 6. These effects
are attributed to irradiation-induced changes in
microstructure which include the formation of interstitial
and vacancy loops and the development of black spot
damage associated with nanometer size vacancy and
interstitial clusters (8,9). The loops and clusters act as
barriers to dislocation motion and strengthen the austenite
lattice. The first dislocations to pass through the defected
microstructure disrupt and reduce the strength of the
dislocation barriers. This disruption reduces the stress
required to move the next group of dislocations along the
same path or channel. The onset of dislocation channeling
has been used to explain the irradiation induced yield
drop and the loss of work hardening (8). Without work
hardening, strain becomes localized to the regions of
initial dislocation movement and, in the extreme, most of
the dislocation motion is confined to the initial channel. In
such cases, failure will ultimately occur in the region of
dislocation  channeling.  The  failure will be
macroscopically  brittle (no  significant  uniform
elongation) even though the failure processes were
entirely  ductile. ~ The  temperature-dpa  region
corresponding to an almost-complete loss of uniform
elongation was broader for the samples irradiated in the
high energy mixed proton/neutron spectra than the range
reported in Reference 8 for samples irradiated by neutrons
in a reactor, Figure 7. Inclusion of the data from this study
expanded the “embrittlement” range to both lower test
temperatures and lower doses. The expansion may be
attributed to the hydrogen (and perhaps helium) content in
the samples tested in this study.

Radiation damage in materials exposed to high energy
mixed proton/neutron spectra typical of the APT
target/blanket region will include the production and
implantation of greater quantities of hydrogen and helium
than typically found in materials exposed to fission
reactors. High hydrogen concentrations promote strain
localization in metals and alloys tested at near ambient
temperatures (10,11). Such localization is one of the
postulated mechanisms for hydrogen embrittlement and
has been associated with the observation that the fracture

processes in many ‘“hydrogen embrittled” materials show
evidence of large-scale, localized plasticity (12), even
when the elongation-to-fracture is minimal. The tendency
for irradiation-induced dislocation channeling in
austenitic alloys may combine with hydrogen induced
strain localization to further decrease the ability of the
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Uniform Elongation vs. Dose for 304L and 316L Stainless Steel
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steel to work harden. The tendency for hydrogen induced
strain localization will increase as the test temperature
decreases from 200°C toward room temperature.
Therefore, the observation that the low temperature loss
in uniform elongation is greater in austenitic stainless
steels irradiated under conditions typical of high energy
spallation neutron sources than in reactor irradiated
austenitic stainless steel is consistent with onset of
established hydrogen embrittlement processes. This
consistency supports the conclusion that hydrogen
production in spallation neutron sources will enhance the
effects of displacement damage and promote losses in
uniform elongation at temperature/dpa conditions lower
than anticipated from fission reactor data. Recent
hydrogen and helium measurements on irradiated
materials from this same LANSCE irradiation show high
hydrogen and helium retention in 304L and 316L after
irradiation to 4 dpa (13). This possibility has been
previously suggested during an evaluation of potential
damage problems in high power spallation neutron
sources (14). A similar effect of hydrogen and helium
implantation was also observed in measurements of the
fracture toughness of these same austenitic stainless
steels.

Irradiation decreased the fracture toughness of Type 304L
and 316L stainless steel, Figure 8. This decrease, at low
doses, was slightly greater than the equivalent behavior
for reactor-irradiated, austenitic stainless steels (15). For
example, low temperature irradiation (70 to 155°C) of
Type 304 and 316 stainless steel to 2-3 dpa lowered K
fracture toughness values by 15 to 30% (15) while the Kjq
fracture toughness values of samples irradiated in this
study were reduced approximately 50% after similar
exposures. This increased loss in toughness is consistent
with the observation that both hydrogen and
hydrogen/helium  accumulations lower the room
temperature fracture toughness of austenitic stainless
steels (16). Additionally, the irradiation-induced loss in
toughness appears to saturate at doses slightly less than 10
dpa, the dose required for saturation in reactor irradiated
steels. However, the measured saturation toughness
values, Kj; = 50 to 100 MPa m”, are similar to the
saturation toughnesses previously found for reactor
irradiated steels, Ki. = 40 to 70 MPa m”. Little
significance should be placed on the observation that, for
the two heats of steel irradiated in this study, Type 304L
showed a higher value of saturation toughness than did
Type 316L. Heat-to-heat variations in the fracture
toughness of austenitic stainless steels are quite large and
have been correlated with variations in inclusion size,
shape and distribution (15). Metallographic studies
showed that the heat of Type 316L steel tested in this
study contained more inclusions than the heat of Type
304L steel tested, an observation consistent with the trend
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for high inclusion contents to lower fracture toughness
values.

These initial mechanical property measurements on Type
304L and Type 316L stainless steel samples irradiated in
high energy, mixed proton/neutron spectra demonstrate
that fission reactor data can be used to predict trends in
behavior. The data also indicate that, between 25 and
200°C, the displacement damage effects are enhanced by
the presence of transmutation products such as hydrogen.
This enhancement decreases the dpa required to cause a
specific change in a mechanical property but does not
significantly impact the saturation values in that property.
However, the lack of apparent impact of spallation
products on saturation values may not extrapolate to
higher irradiation/test temperatures and/or higher
exposure levels.

Alloy 718

Heat treatment of the Alloy 718 produced an alloy having
a yield strength of approximately 1200 MPa. This
strength level was primarily due to the presence of
metastable y’ (L1, structure) and y” (DO, structure)
precipitates in the austenite lattice (17). The y” phase is
generally considered the primary strengthening precipitate
with the y’ providing only modest contributions to the
overall strength. Irradiation had minimal effects on the
strength but significantly decreased the ductility,
especially uniform elongation, and toughness of the heat-
treated Alloy 718, Figures 9-10. These radiation-induced
changes in the mechanical properties were similar to the
changes found in the 300 series steels, in that the trends
were similar to those found from (very limited) fission
reactor data (18-20), but apparently occurred at lower dpa
levels. For example, neutron irradiation exposures over
approximately 10 dpa reduced the fracture toughness of
heat treated Alloy 718 by about 50% regardless of the
initial non-irradiated toughness (19, 20). The irradiation-
induced losses in toughness appeared to saturate after



Tensile Properties for Alloy 718 (PH)
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Figure 10. Effect of Dose on Fracture Toughness of
Precipitation Hardened Alloy 718 Irradiated in a High
Energy, Mixed Proton/Neutron Spectra

about 8 dpa. Similar reductions in toughness were found
in this study after only 2 to 3 dpa. This difference is
attributed to the increased helium and hydrogen
production associated with irradiation in the high-energy,
mixed proton/neutron exposures used for the present
investigation and the susceptibility of Alloy 718 to
hydrogen embrittlement at near ambient temperatures.

The lack of significant radiation-induced strengthening is
attributed to the combination of softening caused by a loss
of y* and y” precipitates and matrix hardening through the
accumulation of displacement damage. Transmission
electron microscopy of portions of an Alloy 718 beam
window that had been irradiated by high energy protons
to a maximum dose of approximately 10 dpa showed that
the irradiation caused dissolution of the strengthening
phases and formation of m (DO,4 structure) phase
precipitates (21). Microhardness measurements and bend
test results demonstrated that radiation induced softening
accompanied the disappearance of the strengthening
phases (21). Additionally, the bend test samples also
showed a transition in fracture mode from microvoid
coalescence to intergranular as the radiation dose
increased toward 10 dpa. A similar transition in fracture

mode in Inconel 706 (an alloy derived from the Alloy 718
composition) has been associated with the appearance of
1 and 8 (DO, structure) phases (22). The formation of the
1 and J phases in Alloy 718 is generally associated with
overaging due to prolonged exposures at elevated
temperature. Irradiation induced aging, however,
apparently favors the formation of 1 over o (23).
Microstructural evolution toward these “overaged”
structures will degrade the mechanical properties,
irrespective of the effects of displacement damage and
hydrogen/helium accumulation in the Alloy 718.

These initial measurements of the effects of high-energy,
proton/neutron radiation on the mechanical properties of
Alloy 718 are similar to the effects observed for austenitic
stainless steels. The fission reactor data trends provide
useful indications of property degradation but fail to
predict the additive effects of gas production on
degradation at low dose levels. At the low irradiation and
test temperatures used in this study, hydrogen is
considered to be the primary contributor to the more rapid
degradation. Support for this conclusion was found in
tests of 6061 aluminum samples from the same
proton/neutron irradiation but exposed to lower doses.

6061 Aluminum

The 6061 alloy was irradiated in the T4 and T6 conditions
to a maximum of 1.5 dpa. The tensile properties of
samples that were in the T6 condition were relatively
unaffected while the tensile properties of specimens in the
T4 condition increased in strength and decreased in
ductility with increasing dose, see Figs. 11 and 12. The
increased strength and decreased ductility in the samples
in the T4 condition are attributed to the effectiveness of
the dislocation obstacles introduced by the displacement
damage. The lack of change in the tensile properties of
samples in the T6 condition is almost identical to the
behavior previously observed for samples irradiated in

Tensile Properties for Al6061-T6
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fission reactors, even at the low dose levels where
specimens were irradiated and tested at 50°C (24). This
lack of additive effects due to the enhanced gas
production in the  high-energy  proton/neutron
environments is attributed to the lack of significant
hydrogen embrittlement in the 6061 aluminum.

Conclusions

The data presented in this report demonstrate that the
large data base of radiation effects on the mechanical
properties of structural metals and alloys exposed to
fission reactor environments provides useful indicators of
the anticipated trends for property/dose predictions in
spallation neutron environments. However, the enhanced
gas production associated with the high-energy
proton/neutron spectra in spallation neutron sources did
cause enhanced degradation at low doses. Additionally,
data show that irradiation-induced losses in uniform
elongation are significant over dose/temperature ranges
not anticipated from the fission reactor data. Hydrogen
production, and a susceptibility to hydrogen
embrittlement, may play key roles in the low temperature,
low dose degradation. Clearly, additional data are
required to confirm the postulated hydrogen effects and
additional data at higher dose levels are required before
the saturation levels for mechanical property degradation
can be confirmed. The data necessary to provide such
confirmations should be forthcoming from the APT
materials test program. This report presents the initial
results from an extensive, continuing irradiation effects
program that will ultimately include the microstructural
observations and corrosion data necessary to demonstrate
the behavior of structural materials at low temperatures
(30-200°C) in the radiation environments typical of
spallation neutron sources.
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